We investigate the Josephson radiation of nanowire (NW)-based Josephson junctions in a parallel magnetic field. The Josephson junction made of an InAs NW with superconducting Al leads shows the emission spectra which follow the Josephson frequency f J over the range 4-8 GHz at zero magnetic field. We observe an apparent deviation of the emission spectra from the Josephson frequency which is accompanied by a strong enhancement of the switching current above a magnetic field of ∼ 300 mT. The observed modulations can be understood to reflect trivial changes in the superconducting circuit surrounding the device which is strongly affected by the applied magnetic field. Our findings will provide a way to accurately investigate topological properties in NW-based systems. * These authors contributed equally to this work; hiroshi.kamata@riken.jp † These authors contributed equally to this work ‡ tarucha@ap.t.u-tokyo.ac.jp 1 arXiv:1805.04702v1 [cond-mat.mes-hall]
Topological properties in condensed matter systems have attracted much attention for developing fault-tolerant topological quantum computation [1] . In particular, InAs or InSb semiconductor nanowires (NWs), which exhibit a strong spin-orbit interaction and a large Landé g-factor, coupled to a s-wave superconductor are good candidates for topological superconductors that can host non-Abelian quasi-particles, the so-called Majorana fermions (MFs) forming the basis of topological quantum computation [2] [3] [4] . MFs have been primarily investigated in tunneling spectroscopy measurements of zero bias conductance peaks on normal conductor/NW/superconductor hybrid junctions [5] [6] [7] [8] [9] [10] . Further experimental evidence of the MFs is found in the observation of a 4π-periodic Josephson effect in a topological
Josephson junction [11] . Fusion of two MFs produces an ordinary fermion and modifies the periodicity of the Josephson relation from 2π (Cooper pairs) to 4π (MF pairs) with protected crossings at a superconducting phase difference φ = π [12] . In NW-based Josephson junctions, MF-related signatures have been observed in measurements of dc Josephson supercurrent [13] , Shapiro steps [14] , and Josephson radiation [15] . Although these results are intrinsically related to each other, no systematic investigation has been reported.
In general, a finite voltage bias V across a superconducting weak link generates the Josephson radiation with the universal Josephson frequency
linking the tunneling of Cooper pairs with a net charge of 2e to photons of energy hf J , where e is the single electron elementary charge, h is the Planck constant. In contrast, radiofrequency (rf) excitation of frequency f induces quantized voltage steps (Shapiro steps) with a height ∆V = hf /2e in the dc current-voltage characteristics. In topological Josephson junctions made of HgTe-based topological insulators [16, 17] with superconducting leads, a tunneling of quasiparticles with charge e attributed to the presence of topological gapless Andreev bound states gives rise to radiation at the half the Josephson frequency f J /2 [18] and the doubling of the Shapiro step size hf /e [19, 20] , being consistent with each other. In NW-based Josephson junctions, on the other hand, a topological phase transition requires an external magnetic field, which generally modulates transport properties of NWs as well as superconducting thin films. Therefore, to characterize topological properties of junctions, transport properties of not only the junction but also its surrounding circuit should be taken into account.
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Here, we report direct rf measurements of emission spectra on NW-based Josephson junctions in a parallel magnetic field. We find that the emission spectra deviate from the fundamental radiation accompanying strong enhancement of the switching current even in the trivial regime. The observed deviation can be understood to reflect a modulation of the voltage bias across the junction in the finite magnetic field. To confirm the interpretation we evaluate the actual voltage bias across the junction by measuring the Shapiro response under rf irradiation. We note that in contrast to microwave spectroscopy measurements utilizing an on-chip detector [21] , which is affected by the external magnetic field, our direct high frequency measurement [18] To look into the details of the abrupt changes, in Fig. 2(c) we plot the differential resistance dV /dI as a function of bias current I sd observed at B = 0 mT, 270 mT and 340 mT.
The resistance in the entire range of I sd increases at B ≥ 270 mT. In addition, Fig. 2(d) shows B dependence of dV /dI in the superconducting branch (I sd = 0 nA) and normal branch (I sd = 600 nA). The normal branch resistance, which is dominated by the shunt resistance placed in close proximity to the junction, also shows an abrupt increase by ∼ 15 Ω at ∼ 250 mT. Therefore, the observed deviation of the emission spectra [ Fig. 2(b) ] is considered to reflect the a change of the resistance outside the shunt circuit rather than a dissipative component coming from the junction inside the shunt circuit.
To identify the origin of the observed deviation in the emission spectra, we now turn to Fig. 1(a) ]. The solid line in Fig. 4(b) shows B dependence of the anomalous resistance R anom (estimated from B dependence of the normal branch resistance in Fig. 2(d) subtracting that at B = 0 mT) plus the constant normal resistance in the measurement circuit of R c = 14 Ω due to the bias tee, semi-rigid coaxial lines and circuit board of the sample holder. Figure 4 (c) shows a corrected Shapiro response observed at B = 340 mT with R ef f = 29.8 Ω. This plot exhibits a quantized voltage V n = nhf /2e and reveals the conventional, not 4π-periodic, Josephson effect. We note that in both low power and high power oscillatory regimes we observe the same sequence of Shapiro steps in contrast to recent observations of doubled steps in the low power regime [18] [19] [20] . As shown in Fig. 4(b) , the effective resistance R ef f (circles) used for the correction is consistent with R anom + R c (solid line) for all magnetic fields. Therefore, we conclude that the Shapiro features observed for all magnetic fields reveal a conventional 2π-periodic
Josephson effect. As a result, B dependence of a corrected Josephson radiation exhibits conventional emission spectra even at B ≥ 250 mT as shown in Fig. 4(d) .
We attribute the observed modulations [Figs. 2(a) and 2(b)] to a non-topological change of the surrounding circuit in the applied magnetic field caused simply by sections of the Al leads undergoing a transition to the normal state, while the junction contacts remain superconducting. As shown in Fig. 1(a) , the junction has a remote four-terminal measurement 6 setup where the four-terminal connections rely on the circuit made of Al thin films (thickness of 90 nm) being a superconducting state. Applying an in-plane magnetic field, superconductivity in the circuit is suppressed at B > 300 mT [31] , and then, an additional series resistance emerges. In addition, small modulations observed at B = 250 ∼ 300 mT may be caused by the same behavior of Al bonding wires which connect the device and the electronic circuit inside the refrigerator. We note that when Au bonding wires were employed, In primarily measurements of MFs using tunneling spectroscopy, which are performed in a highly-resistive regime [5] [6] [7] [8] [9] [10] , the trivial changes of the surrounding circuit can be neglected. However, our results may modify the interpretation for recent measurements of NW-based Josephson junctions [13, 15] , where a voltage bias across the junction plays a crucial role. 
SUPPLEMENTARY INFORMATION

Ballistic transport properties of InAs nanowires
It is known that InAs nanowires (NWs) have a charge accumulation layer on the surface [1] . Although ballistic transport in NWs plays a crucial role in creating a topological state in proximitized NWs, conductive electrons in the accumulation layer experience strong surface roughness scattering and ionized impurity scattering such that the transport is entirely diffusive. To suppress such scatterings we employ hexagonal boronnitride (hBN) as a gate dielectric. Figure S1 Importantly, this junction also shows an enhancement of the switching current I c in the finite magnetic field regime as seen in Fig. 2(a) of the main text. Figure S2 (d) shows differential resistance dV /dI as a function of in-plane magnetic field B and bias current I sd .
As B is increased, while the switching current I c monotonically decreases, I c is enhanced at B ∼ 120 mT (see red and blue solid lines in Fig. S2(e) ), and decays at larger B. Although some differences in experimental setups lead to quantitative differences in the critical field and the amplitude of the I c enhancement, this behavior is qualitatively consistent with the trend we observe in Fig. 2(a) of the main text. For better visibility, the data is normalized to the maximum emission amplitude for each B. 
